We propose a kind of perfect optical vortex beam (POV) generated via Fourier transformation of Bessel-Gauss (BG) beams through encoding of the amplitude of the optical field with binary amplitude digital micromirrors device. We call them concentric POVs which consist of several POVs and where every POV has the same center and independent characters, and we confirm the correct phase patterns of the concentric POVs with the method of Mach-Zehnder interference and self-interference. This special property could be considered as a potential of implement to increase the orbital angular momentum communication capacity vastly.
Introduction
As one of the most fundamental physical properties in both classical and quantum optics, orbital angular momentum (OAM), manifested by the helical wave-front of light, has been proposed as a new degree of freedom for multiplexing to achieve capacity beyond conventional multiplexing techniques and has generated widespread and significant interest in the scientific community [1] - [4] . Commonly employed methods in optical communications are wavelength division multiplexing, time division multiplexing, polarization division multiplexing and so on, combine different ways of multiplexing signals together to to increase the overall capacity of communications systems are widely used [5] . A well-known example of beams carrying OAM is the Laguerre-Gauss (LG) beams, which are solutions of the paraxial Helmholtz equation [6] . Another significant example of beams possessing OAM are the high-order Bessel beams [7] . The Bessel beams are solutions of the Helmholtz equation, having a transverse intensity distribution independent of the propagation distance and hence showing the property of being non-diffracting [8] . However, the beams are limited by its unfixed mainly intensity ring diameter which is related to orbital angular momentum number l (topologicalcharge, the number of twist in a wave-front per unit wavelength). This property may impede the capacity expansion in OAM communications, which are desired to provide a large topological charge range and a fixed dark hollow simultaneously. In particular, Kahn [9] has studied the capacity limits of spatially multiplexed free-space communication, reported the capacity of OAM communications is limited compared to other multiplexing techniques based on the assumptions that the aperture sizes and numerical apertures on the transmitter and receiver sides of the communications system is limited.
Ostrovsky and co-workers first introduced the concept of a perfect optical vortex (POV) beam which has bright ring radius independent of topological charge [10] . They used a special phase mask, generated from a complex equation, to approximately generate the POV. The study of POV has recently attracted wide attention [11] - [14] , and its application in optical tweezers [15] , [16] , angular spectrum of the down-converted photons [17] , and plasmon structure illumination microscopy [18] has been demonstrated. However, almost all of these reports were realized by using spatial light modulators (SLM) to modulate phase, the disadvantages of SLM are their lack of tolerance to a high-density laser, and their switching frequency is limited to tens of milliseconds, but communication system requires more and more capacity, and each OAM communications channel could be adjusted independently and quickly.
In this paper, we successfully generate concentric POVs with the same center and designated channel number by DMD, compared with SLM, DMD has high accuracy, rapid switching among the different modes due to high frame rates (32 kHz binary switching). We also confirm the correct phase patterns of the concentric POV with the method of Mach-Zehnder interference and selfinterference. Based on the characters of POV that arbitrarily tune radius and topological charge respectively, we think this method of POVs generated with the potential of implement to increase the communication capacity vastly.
Theoretical
We have generated the Concentric POVS as the Fourier transformation of a Bessel beam through encoding the amplitude holograms of the optical field, because the DMD is only amplitude modulation device. We transfer phase holograms to amplitude binary holograms by Lee method [19] in which the normalized transmittance of the amplitude pattern can be written as
Here, sgn(x, y) is the sign function, A(x, y) represents the intensity distribution of Gauss's functions, and ϕ(x, y) is phase parameter formed by an argument of function exp (i ηr + i lθ + i x/x 0 ), in which axicon parameter η, spiral phase parameter l, and grating constant x 0 determining the desired pattern into a specific direction all are crucial factors. The radius of the bright ring of POV is determined by the axicon parameters, the width of the bright ring is inversely proportional to the incident Gaussian beam waist and the focal distance of lens. Concentric POVs consist of several POVs in which each one has the independent properties through different amplitude hologram separated in space, as shown in Fig. 1 (a) and (b). Fig. 1 (a) and (b) shows two binary holograms we use in this experiment, each one can generate three POVs, except the width of each hologram circle, the width is balance point of channel numbers and each POV power. After loading the amplitude binary hologram in DMD, we obtain concentric POVs showed in Fig. 1(d) , the zero order next to concentric POVs and the negative first order is partly present which are in good agreement with the theoretical simulated results show in Fig. 1(c) . Fig. 2 demonstrates experiment setup schematically. Laser of the light source which is generated by He-Ne laser has the wavelength of 633 nm. Two lenses with focal distance of 30 mm and 500 mm compose a beam expander which expands the laser to approximately 15 mm in diameter. Then the light beam is separated into two beams, one serves as reference light and the other as signal light. The signal one transmits towards the DMD (TID4195, 1920 × 1080 pixels) within an incident angle of 12°which was mounted onto a controller board. Before that, we have loaded binary hologram to the DMD with computer via Universal Serial Bus (USB) 2.0. The field distribution of the diffracted beam from DMD is reflected by M1 and then Fourier transformed by using a physical lens of focal length 175 mm. Finally, concentric POVs are formed which is studied by recording the intensity profile through a CCD camera (Thorlabs CCD, 1280 * 1024 pixels, color USB2.0), and Fig. 2 shows a clear demonstration. Meanwhile, the reference light beam is reflected by M2 and then combined with signal light beam into the second beam splitter, the same CCD catches the interference to confirm the phase distribution of generated concentric POVs. In order to ensure the complete consistency of polarization in two light beams, we put a polarizer and a half wavelength plate in the system to avoid the influence of mirrors-reflection on interference fringe contrast. Concentric POVs are generated with DMD which is a 1920 × 1080 elements device with a 10.8 μm pixel pitch, each pixel has two states: on and off state. Light reflected on DMD in the "on" state is projected to the following optical system.
Experiment
As is known, the radius of POV is approximately linear proportional to the axicon parameter. Fig. 3 shows the results caused by changing the axicon parameter in which radius of the outer POV is sorted in descending order and the other two POVs are considered as reference positions (η = 0.003, η = 0.006). Therefore, we declare that the radius of concentric POVs could be adjusted arbitrarily and as required. In theory, in the case of allowed in the system, the radius of POVs can be set infinite [12] . As the radius of POV reducing, the power density will be increase. We can also adjust the Gaussian beam waist or the focal distance of lens which mainly determined the ring-width at the focus to get POV of desired diameter and width.
Utilize the Mach-Zehnder interference to detect the precise phase of POVs of individual or concentric mode. We can observe a spiral fringe pattern, which confirms the presence of OAM in the perfect vortex beam. The number of spirals represents the topological charge numbers of the perfect vortex, and its direction of rotation decides the topological charge signs. Fig. 4 shows the interference patterns formed by the reference light beam and POV beams verifying the OAM phase distribution. In order to see clearly spiral fringe pattern, we have widen the ring-width of POVs. According to the number of spirals in central zone, we can find that topological charges of concentric POVs are 11, 5, and 12 in turn from inside to outside. That is perfect matched with spiral phase parameters illustrated in theoretical part, and each POV can be modulated alone. Furthermore, we adjust different POVs to the same size into one interference beam detected in focal plane. We can see the optical ring is dividing into several bows which is resulted from the superposition of the different POVs. The number of bows satisfies the difference between topological charge numbers of two POVs; otherwise, the size and the number of bows will be more complex if more than two POVs superposition together, as shown in Fig. 5(a) . Besides, no matter at the focal plane (Z 1 ) or before and after that (Z 0 and Z 2 ), the ring radius is always invariable although the circle width is changing, and calculated the non-diffraction distance about 10 cm. There is reported that if the radius of POV larger than the waist of the Gaussian beam the ring beam maintains its annular shape; otherwise, it forms an Airy pattern after a finite distance of propagation [12] . This point guarantees multiple POVs can equal size and coaxial input communications system.
Discussion
In this experiment, there are appear occasionally that the spiral direction of interference pattern do not match with the topological charge signs. For example, as showed in Fig. 4 , the inner POV l = 11 and outer l = 12 have the same sign of topological charge, but the spiral direction is different. To explain first problem, we look through [20] and convinced of that the number of vortices equals to the value of the topological charge and most importantly, the direction of the spiraling is related to the sign of the charge and relative curvature of the wave fronts; therefore, we can consider the phenomenon caused by different wave front of POVs with the other two POVs. We adjust the axicon parameter of the concentric POVs to have the same radius at the focal plane (at position z 1 ). However, before and after the focal plane (at position z 0 and z 2 , longer than non-diffraction distance), those POVs separate from each other, which is demonstrated in Fig. 6(a) , and we have seen that outer POV at z 0 is expanding to the inner POV, which proves that the concentric POVs have wave fronts with different curvature just right. However, we set the axicon parameter in linearly proportion to that of radii of hologram, the relative position to POVs stays invariant.
Theoretically, we can obtain innumerable concentric POVs with independent parameters, especially the ring radius and topological charge. Fig. 6 (b) contains 10 concentric POVs with topological charges of 1-10 from outside to inside. However, with the limit of the number of pixels in DMD board, there must be a limit on the number of concentric POV. We are convinced that such issues will be solved through employing DMD with higher resolutions.
In the experiments, less than 5% of the incident Gaussian beam intensity is concentrated in an output concentric POVs beams, due to the maximum theoretical efficiency of a binary amplitude grating is about 10.1% [21] . The transformation efficiency can be increased by adjustment of a higher resolution DMD and the parameters mentioned. Alternatively, a method pseudo-random pixel dithering would be used to achieve continuous amplitude modulation [21] .
We can first convert the perfect vortex to BG beam after then passing through a spiral + axicon phase mask for generation, and detection should be the same but with an opposite sign of spiral, and the BG beams become Gaussian beams [12] , using a high bandwidth PIN detector to measured the intensity of Gaussian mode corresponding to different POV in concentric POVs beam.
Conclusion
In conclusion, we propose a new kind of perfect vortex beam called concentric POVs, which is generated via Fourier transformation of BG beams through DMD. This optical beam is composed of several POVs and every POV has the same axial and independent characters. Besides, the method we present has the advantages of that rapidly switch among the different modes, wide spectral regions, higher energy tolerance. Special physical property could contribute to kinds of applications, especially to the communication system due to the independence of radius and multifold orbital angular momentum (OAM). Almost everyone pays attention to single POV generation, where as concentric POVs are able to provide several folds capacity, which contributes to development of the OAM communication field.
